Marrow stromal cells are adult stem cells from bone marrow that can differentiate into multiple nonhematopoietic cell lineages. Previous reports demonstrated that single-cell-derived colonies of marrow stromal cells contained two morphologically distinct cell types: spindle-shaped cells and large flat cells. Here we found that early colonies also contain a third kind of cell: very small round cells that rapidly self-renew. Samples enriched for the small cells had a greater potential for multipotential differentiation than samples enriched for the large cells. Also, the small cells expressed a series of surface epitopes and other proteins that potentially can be used to distinguish the small cells from the large cells. The results suggested it will be important to distinguish the major subpopulations of marrow stromal cells in defining their biology and their potential for cell and gene therapy.
B
one marrow contains at least two kinds of stem cells, hematopoietic stem cells and stem cells for nonhematopoietic tissues , variously referred to as mesenchymal stem cells or marrow stromal cells (MSCs). MSCs are of interest because they are easily isolated from a small aspirate of bone marrow and readily generate single-cell-derived colonies (1-5, 25, 27) ; the single-cell-derived colonies can be expanded through as many as 50 population doublings in about 10 weeks (25) , and they can differentiate into osteoblasts, adipocytes, chondrocytes (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) , myocytes (9) , astrocytes, oligodendrocytes, and neurons (17, 23, 26, 27) . For these reasons, the cells are currently being tested for their potential use in cell and gene therapy for a number of human diseases (22, 24) . Previous reports (3, 11, 12) demonstrated that single-cell-derived colonies of human MSCs are heterogeneous in that they contain at least two morphologically distinct kinds of cells: spindle-shaped cells and large cuboidal or flattened cells. Here we have extended our previous observations (25) to demonstrate that the colonies also contain extremely small cells that are rapidly self-renewing (RS cells). The RS cells appear to be the earliest progenitors in the cultures and have the greatest potential for multilineage differentiation. They differ from more mature cells in the same cultures by a series of surface epitopes and expressed proteins.
Methods

Isolation and Growth of MSCs.
To isolate human MSCs, bone marrow aspirates of 10-20 ml were taken from the iliac crest of normal donors ranging in age from 19 to 49 years old under an Institutional Review Board approved protocol. Nucleated cells were isolated with a density gradient [Ficoll͞Paque (Pharmacia)] and resuspended in complete culture medium [␣ MEM, GIBCO͞BRL; 20% FBS, lot-selected for rapid growth of MSCs (Atlanta Biologicals); 100 units/ml of penicillin͞100 g/ml of streptomycin͞2 mM L-glutamine (GIBCO͞BRL)]. All of the cells were plated in 25 ml of medium in a 175-cm 2 culture dish (Falcon) and incubated at 37°C with 5% humidified CO 2 . After 24 h, nonadherent cells were discarded, and adherent cells were thoroughly washed twice with PBS. The cells were incubated for 5-7 days, harvested with 0.25% trypsin and 1 mM EDTA for 5 min at 37°C, and then replated at about three cells͞cm 2 in an intercommunicating system of culture flasks (6,320 cm 2 ; Cell Factory; Nunc). After 14 days, the cells (from passage 1) were harvested with trypsin͞EDTA, suspended at 1Ϸ2 ϫ 10 6 cells͞ml in 5% DMSO and 30% FBS, and frozen at 1-ml aliquots in liquid nitrogen. To expand a culture, a frozen stock of MSCs was thawed, plated at 5,000 cells͞cm 2 , and incubated for 5-7 days. The cells were harvested and diluted for further expanding by plating at initial densities of about three cells͞cm 2 and culturing in the complete culture medium. The cells were lifted by incubation with 0.25% trypsin and 1 mM EDTA for 5 min at 37°C, and cell numbers were counted with a hemocytometer. The relative numbers of small and agranular cells (RS-1 cells), small and granular cells (RS-2) cells, and large and more mature cells (mMSCs) were assayed by forward and side light scattering (FACS Vantage SE; Becton Dickinson). For colony-forming unit assays, cultures were incubated for 10-14 days, washed with PBS, and stained with 0.5% Crystal violet in methanol for 5-10 min at room temperature. Alkaline phosphatase activity was assayed in cell lysates with a p-nitrophenol phosphate disodium solution (Sigma 104).
Electron Microscopy. RS cells were prepared by lifting 14-day cultures of MSCs and passing the cells through a 10-m filter (Millipore). FACS assays (25) indicated that about 95% of the cells in the filtrate were RS cells. Cells on the filter were used as a source of mMSCs. FACS assays indicated that about 90% of the cells were mMSCs. The cells were pelleted by centrifugation, fixed in 2% glutaraldehyde, and cut into 3-mm 3 blocks. The samples were stained with 2% osmium and 2% aqueous uranyl acetate. After dehydration, the blocks were cut into 70-m sections. The sections were stained with alcoholic uranyl acetate and counterstained with bismuth subnitrite. Images were obtained with an electron microscope (JOEL JEM 1010) and a charge-coupled device camera (Hamamatsu, Middlesex, NJ). Electron micrographs were prepared by the Biomedical Imaging Core Facility of the University of Pennsylvania Medical Center.
Assays for Differentiation. For osteogenic differentiation (21), cells were plated at 1,000 cells͞cm 2 in 2-cm 2 wells and grown to 50-70% confluency in 5 days. They were then incubated in osteogenic medium (10 Ϫ8 M dexamethasone͞0.2 mM ascorbic acid͞10 mM ␤-glycerolphosphate; Sigma). The medium was replaced every 3-4 days for 21 days. Cultures were washed with PBS, fixed in a solution of ice-cold 70% ethanol for 1 h, and stained for 10 min with 1 ml of 40 mM Alizarin red (pH 4.1; Sigma) (21) . Because of the mineral deposited over the cells, the extent of mineralization was estimated by dividing the area covered with mineral by the total area of mineral plus unmineralized cells. For adipogenic differentiation (21), 50-70% confluent cultures were incubated in complete medium supplemented with 0.5 M hydrocortisone͞0.5 mM isobutylmethylxanthine͞60 M indomethacin. The medium was replaced every 3-4 days for 21 days. Cells were washed with PBS, fixed in 10% formalin for 10 min, and stained for 15 min with fresh Oil Red-O solution (Fisher Scientific). The extent of adipogenic differentiation was estimated as percent of cells containing well-stained oil droplets. For chondrogenic differentiation, we modified (I. Sekiya and D.J.P., unpublished work) the pellet culture system by Johnstone et al. (15) . After 200,000 MSCs were centrifuged in a 15-ml polypropylene tube, the pellets were cultured in chondrogenic media that consisted of high-glucose DMEM (Cellgro, Mediatech, Herndon, VA) supplemented with 500 ng͞ml of BMP-6 (R & D Systems) as well as 10 ng͞ml of transforming growth factor-␤3͞0.1 M dexamethasone͞50 g/ml of ascorbate-2-phosphate͞40 g/ml of proline͞100 g/ml of pyruvate͞50 mg/ml of ITSϩ Premix (Becton Dickinson; 6.25 g/ml of insulin͞ 6.25 g/ml of transferrin͞6.25 ng/ml of selenious acid͞1.24 mg/ml of BSA͞5.35 mg/ml of linoleic acid). The medium was replaced every 2-3 days for 21 days. The pellets were embedded in paraffin, cut into 5-mm sections, and stained with Safranin O (Richard-Allen Scientific, Kalamazoo, MI).
Analysis of Surface Epitope by FACS.
The cells were suspended in PBS at a concentration of about 100,000 cells͞ml, fixed in 1% methanol or acetone at 4°C for 10 min, and washed with PBS. Nonspecific antigens were blocked by incubating the cells at room temperature for 1 h in 1% BSA and 0.1% goat serum. The cells were washed by centrifugation in three volumes of PBS, and the cell pellet was suspended in 0.5 ml of a primary antibody solution containing 20 g͞ml of antibody, 1% BSA, and 0.1% goat serum. After incubation for 40 min at 4°C, the cells were washed in PBS. The primary antibodies were mouse or rabbit anti-human, obtained from Chemicon, IgM Hybridoma Bank, University of Iowa; PharMingen; Biomedia; and Santa Cruz Biotechnology. For an isotype control, nonspecific mouse or rabbit IgG (Dako, PharMingen, Chemicon, or Santa Cruz) was substituted for the primary antibody. For antibodies that required a second antibody for detection, the cell pellet was incubated under the same conditions for 20 min with anti-mouse or anti-rabbit IgG labeled with FITC or phycoerythrin. The cells were then washed in PBS and suspended in 1 ml of PBS for analysis on a cell sorter.
Proteomic Analyses. For protein analysis, cell pellets of about 3 million cells were vortexed in 1 ml of lysis buffer (3 mg͞ml SDS and 30 mg͞ml DTT in 30 mM Tris⅐HCl buffer, pH 7.8) and heated to 80-90°C for 5 min. Ten microliters of RNase (Boehringer Mannheim) was added, and the sample was incubated at 37°C for 5-10 min. The protein was precipitated with 5 ml of acetone at 4°C, recovered by centrifugation, air dried, and dissolved at a concentration of 10 mg͞ml of solubilization buffer (2.1 g of urea, 0.8 g of thiourea, 200 mg of 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, and 40 mg of DTT in 5 ml of water). The samples were separated first by isoelectric focusing (Immobilized pH Gradient Strip, pH 3-10; Amersham Pharmacia) and then on 10-12% polyacrylamide gels in SDS. The gels were stained (Silver Plus; Bio-Rad), and protein spots 
Results
Appearance of RS Cells and mMSCs in Culture.
To prepare cultures of human MSCs, nucleated cells were isolated from bone marrow aspirates from normal volunteers and the plastic adherent cells isolated (21, 25) . Thereafter, the cells were expanded by plating at an initial density of about three cells͞cm 2 . As reported by previous investigators (1, 2, 5) , the cultures underwent an initial lag phase of about 5 days, during which the colonies were seen to arise from single cells. As reported by previous investigators (see ref.
3), the colonies contained both spindle-shaped cells and large flat cells. In addition, we noted that the colonies also contained very small round cells that were primarily detected as they became highly reflective during replication (doublets of RS cells in Fig. 1 ). The colonies that were formed during the lag phase arose from either RS cells or small spindle-shaped cells. Large adherent cells in the cultures replicated slowly. After about 5 days, each of the colonies contained 20-100 cells ( Figs.  1 and 2 ). Analysis by FACS demonstrated that in the 5-day cultures, RS cells accounted for over half of the cells (Fig. 3) . Their rapid replication was apparent by time-lapse photography ( Fig. 2 A-C) . To prepare purified fractions of RS cells, cells from 14-day cultures were passed through a 10-m filter (Millipore). The RS cells in the filtrate were about 7 m in diameter and had a high nucleus-to-cytoplasm ratio (Fig. 2D) . In contrast, mMSCs retained on the filter were 15-50 m in diameter and contained a large number of unidentified vacuoles (Fig. 2E) . During the logarithmic growth phase from about day 6 to day 12, the proportion of RS cells decreased, and the proportion of mMSCs greatly increased (Fig. 3) . The increase in mMSCs was accompanied by an increase in alkaline phosphatase (Fig. 3) , an observation suggesting that some of the cells were differentiating into osteoblast precursors.
Differentiation of RS Cells and mMSCs.
The ultrafiltration procedure provided only a small yield of purified RS cells because the mMSCs rapidly obstructed the filter pores. Therefore, to test the multipotentiality for differentiation of the two types of cells, cultures that were incubated for 5 days containing about 60% RS cells were compared with cultures that were incubated for 12 days containing about 90% mMSCs (Fig. 3) . After the cells were replated at about 1,000 cells͞cm 2 and incubated in osteogenic medium for 21 days (21), the preparations enriched of RS cells more extensively differentiated into osteoblasts than the preparations enriched for mMSCs (Fig. 4 A and B) . The area of mineralization (21) was 1.4 -1.7 times greater with the RS cells. After incubation in adipogenic medium under similar conditions, the preparations enriched for RS cells differentiated more extensively into adipocytes than the preparations enriched for mMSCs (Fig. 4 C and D) . The number of adipocytes was 3.5-to 6-fold greater with the RS cells. Also, after the cells were aggregated into micropellets and incubated in chondrogenic medium for 21 days (21), the cultures enriched for RS cells differentiated more extensively into cartilage (Fig. 4 E and F) . The cartilage pellets obtained with the RS-enriched cultures were larger and stained more extensively for proteoglycans (Fig. 4 E and F) . They also contained 1.6-fold higher levels of mRNA for type II collagen, as assayed by reverse transcription-PCR (not shown).
Surface Epitopes. To identify surface epitopes, cultures enriched for RS cells and mMSCs were assayed by using a series of commercially available antibodies. As noted previously (25) , FACS analyses distinguished two subtypes of RS cells: small and agranular cells (RS-1 cells) seen in stationary and late-logarithm phase cultures and small granular cells (RS-2 cells) that were seen primarily at the end of the lag phase and that were probably mitotic RS-1 cells. The RS-1 cells and some of the RS-2 cells contained four epitopes not found on mMSCs (Table 1) : the vascular endothelial growth factor receptor-2 (FLK-1), TRK (an NFG receptor), transferrin receptor, and annexin II (lipocortin 2). Some but not all of the RS cells contained several other distinguishing epitopes. These epitopes included c-Kit (CD117), the stem cell factor receptor. Also, some but not all of the RS cells contained the epitope for the multidrug resistance gene that is a distinguishing feature of the ''side population'' of small cells from both muscle and marrow (28, 29) . SP cells are positive for c-Kit, negative for CD45, and positive for ScaI, but they are precursors of hematopoietic cells in addition to muscle cells. However, all of the cells in the culture were negative for the hematopoietic stem cell marker CD34 and a series of other markers for hematopoietic precursors. The only exception was that some of the RS-1 and RS-2 cells were positive for CD4, which is expressed on thymocytes and peripheral blood lymphocytes, including T cells. Also of interest was that both the RS-1 and RS-2 cells were negative for STRO-1, an epitope originally suggested as a marker for MSCs (30, 31) . However, some of the mMSCs contained the STRO-1 epitope, an observation consistent with their ability to differentiate into osteoblasts (21) . Some of the mMSCs contained several other epitopes not found on RS cells. These included receptors for platelet-derived growth factor and epidermal growth factor, an observation suggesting that the previously reported stimulatory effects of these two cytokines in cultures of MSCs primarily expanded the subpopulation of mMSCs (11, 32) .
Proteomic Analysis. To further characterize the subpopulations, proteins differentially expressed in preparations enriched for RS cells and mMSCs were assayed by preparing two-dimensional gels and identifying the proteins by MS. Over 30 proteins were identified in fractions enriched for RS cells that were not detected in fractions enriched for mMSCs (Table 2) . Conversely, 3, 11, 12, and 21 ) that cultures of human MSCs become morphologically homogeneous only after they were passed several times at high density and lost some of their potential for multilineage differentiation. In contrast, early passage cells and cultures passed at very low plating densities to generate singlecell-derived colonies contained both the small spindle-shaped cells and the large cells originally described by Mets and Verdonk (3) . The results here demonstrate that after the cells are plated at very low densities (25) , a third morphologically distinct type of cell, RS cells, can readily be detected. RS cells are characterized by their extremely small size, rapid rate of replication, and enhanced potential for multilineage differentiation. Moreover, they can be distinguished from more mature cells in the same cultures by a series of surface epitopes and expressed proteins. Therefore, the results raise the possibility that RS cells may have the greatest potential for long-term engraftment and differentiation in vivo. As the results here emphasized, however, even the subpopulation defined as RS cells were heterogeneous, because they did not stain uniformly for several surface epitopes. Therefore it will be of interest to further subfractionate the RS cell population and determine the potentials of the subpopulations for multilineage differentiation and engraftment to specific tissues.
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